Fractal topologies, which are statistically self-similar over multiple length scales, are 1 pervasive in nature. The recurrence of patterns at increasing length scales in fractal-shaped 2 branched objects, e.g., trees, lungs, and sponges, results in high effective surface areas, and 3 provides key functional advantages, e.g., for molecular trapping and exchange. Mimicking these 4 topologies in designed protein-based assemblies will provide access to novel classes of 5 functional biomaterials for wide ranging applications. Here we describe a computational design 6 approach for the reversible self-assembly of proteins into tunable supramolecular fractal-like 7 topologies in response to phosphorylation. Computationally-guided atomic-resolution modeling 8 of fusions of symmetric, oligomeric proteins with Src homology 2 (SH2) binding domain and its 9 phosphorylatable ligand peptide was used to design iterative branching leading to assembly 10 formation by two enzymes of the atrazine degradation pathway. Structural characterization using 11 various microscopy techniques and Cryo-electron tomography revealed a variety of dendritic, 12 hyperbranched, and sponge-like topologies which are self-similar over three decades (~10nm- -has yet to be utilized for controlling protein assembly formation.
Abstract:
Fractal topologies, which are statistically self-similar over multiple length scales, are 1 pervasive in nature. The recurrence of patterns at increasing length scales in fractal-shaped 2 branched objects, e.g., trees, lungs, and sponges, results in high effective surface areas, and 3 provides key functional advantages, e.g., for molecular trapping and exchange. Mimicking these 4 topologies in designed protein-based assemblies will provide access to novel classes of 5 functional biomaterials for wide ranging applications. Here we describe a computational design 6 approach for the reversible self-assembly of proteins into tunable supramolecular fractal-like 7 topologies in response to phosphorylation. Computationally-guided atomic-resolution modeling 8 of fusions of symmetric, oligomeric proteins with Src homology 2 (SH2) binding domain and its 9 phosphorylatable ligand peptide was used to design iterative branching leading to assembly 10 formation by two enzymes of the atrazine degradation pathway. Structural characterization using 11 various microscopy techniques and Cryo-electron tomography revealed a variety of dendritic, 12 hyperbranched, and sponge-like topologies which are self-similar over three decades (~10nm- One Sentence Summary: We report a computationally-guided bottom up design approach for 21 constructing fractal-shaped protein assemblies for efficient molecular capture.
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Main Text:
1 Fractional-dimensional (fractal) geometry -a property of shapes that are invariant or nearly 2 invariant to scale magnification or contraction across many length scales -is a common feature of 3 many natural objects 1,2 . Fractal forms are ubiquitous in geology, e.g., in the architecture of 4 mountain ranges, coastlines, snowflakes, and in physiology, e.g., neuronal and capillary networks, 5 and nasal membranes, where highly efficient molecular exchange occurs due to a fractal-induced 6 high surface area:volume ratio 3 . Fabrication of fractal-like nanomaterials affords high physical 7 connectivity within patterned objects 4 , ultrasensitive detection of target binding moieties by 8 patterned nanosensors 5 , and rapid exchange and dispersal of energy and matter 6 . An intimate link 9 between structural fractal properties of designed, nanotextured materials and functional advantages 10 (e.g., detection sensitivity) has been demonstrated 5 , and synthetic fractal materials are finding 11 applications in sensing, molecular electronics, high-performance filtration, sunlight collection, 12 surface charge storage, and catalysis, among myriad other uses 7, 8 . Many fractal fabrication efforts 13 have relied on top-down patterning of surfaces 9 . The bottom-up design of supramolecular fractal 14 topologies -both deterministic (e.g., Sierpinski's triangles) 10 -has yet to be utilized for controlling protein assembly formation. 9 Among stochastic fractals, an arboreal (tree-like) shape is an elementary topology that can 10 be generated using stochastic branching algorithms, e.g., L-systems 35, 36 , in which the probability 11 of branching, length and number of branches, and branching angle ranges at each iteration 12 determine the emergent topology (Fig. 1A) . Theoretical and simulation studies on the self- that would promote fractal growth (Fig. 1E,F) . We also reasoned that geometric degeneracy in the 20 form of multiple propagatable (but still anisotropic) binding modes would favor fractal structures 21 (Fig. S1 ). In the first step of the design procedure, one of the C2 axes of the crystallographic 22 structures of the two components were aligned. (Fig. 1B) . Two alignments (Fig. 1E,F energetically feasible for each designed AtzC-SH2 variant (Table S1 ).
19
To fully evaluate the predicted geometric degeneracy and anisotropy of binding in designed (Table S1 ; Fig. S11 and S12).
13
Assembly formation by a mixture of the two components and Src kinase enzyme was ATP 14 dependent ( Fig. 2B) , was accompanied by the visible and spectrophotometrically measurable (Fig. 15 S13) appearance of turbidity, which could be reversed by adding a phosphatase (YopH) enzyme.
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The resulting distribution of particle sizes was detected by measuring hydrodynamic radii using 17 Dynamic Light Scattering (DLS) (Fig. 2C ). Upon completion of assembly formation, the apparent 18 size of the particles as measured by DLS was between 1-10 m; however, this range represents dependent manner, demonstrating that the SH2-pYtag binding interaction underlies assembly 1 formation. The apparent IC50 for the observed inhibition was ~2[AtzA-pY] (measured as 2 monomers) at two different concentrations of the components (Fig. 2D , S14 to S16), and in each 3 case ~3[AtzA-pY] was required for complete inhibition. According to our design model, each 4 pY-AtzA (hexamer) makes at least two and at most three divalent connections for assembly 5 propagation (Fig. 1E,F) ; thus, the observed inhibition stoichiometries are consistent with the 6 existence of the designed divalent connections between AtzA-pY and AtzC-SH2 in the assemblies. by an excess of AtzC-SH2 domains, and no assemblies should result (expected particle size is <50 11 nm). This behavior is observed for the weaker-affinity SH2 variant at this stoichiometry (Fig. 2F ).
12
In stark contrast, for the high affinity SH2 variant (Fig. 2G) , we observe micrometer-sized 13 assemblies indicating the presence of aeolotropic kinetic trapping 44 and network formation by 14 clusters of tightly bound AtzA-pY-AtzC-SH2 assemblies (Movie S1).
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We next investigated if the dynamic and dendritic structures observed in solution by optical 16 and fluorescence microscopy ( Fig. 2H, I ) could form fractals on solid surfaces, and if the topology atmosphere. Visualization of these coated surfaces using Helium Ion and Atomic Force 1 microscopy reveals striking, intricately textured patterns that coat up to 100 m 2 areas (Fig. 3A-2 E). Various morphologies on the micron scale including rod-like, tree-like, fern-like, and petal-3 like were observed (Fig. 3A-E) ; image analysis revealed fractal dimensions between 1.4-1.5 (Fig.   4 3A,B) to the more Diffusion Limited Aggregation (DLA)-like 1.78 (Figs.3C,D, S21 , and S22).
5
Assembly sizes and fractal dimensions could be tuned by varying the stoichiometry of components 6 (Fig. 3F) , although some heterogeneity in morphologies was present in each sample. and to obtain sufficiently high-resolution structures to test the validity of our design approach, we 4 characterized the assemblies using cryo-electron tomography (cryo-ET; Fig. 4A-F ET and HIM) upon conformational flexibility changes at the nanometer scale, further re-inforce 14 the importance of directional association in our modular fractal assembly design framework.
15
Computational annotation of the density clusters formed by designed components in cryo-
16
ET-derived images was performed based on individual molecular envelopes of components 17 derived from Rosetta models of pY-AtzA and AtzC-SH2, respectively, to identify inter-component 18 connections along assembly branches (Fig. 4A-C) . The topology of the largest, nearly fully 19 interconnected assembly based on electron density (Fig. 4D-F structures with approximately the same number of components. We compared the observed 22 distributions of nearest-neighbor counts for AtzA-pY (Fig. 4G, Fig.S27 ), relative numbers of 23 13 component types incorporated (Fig. 4H) , angular distribution (C-A-C connections, Fig. S28 ), and 1 the observed fractal dimension (Fig. 4I ) of the assemblies with ensembles of structures generated 2 using computational modeling (Fig. 4J ) and found good agreement between the data and our connections envisioned in the design model and implemented in the simulated assemblies (Fig. 1) . AtzC-SH2). Particle density in the fractal assembly is ~70,000 particles/m 3 whereas calculated 19 density of 2D and 3D crystalline lattices of similar volumes is estimated to be ~4000 and ~40,000 20 particles/m 3 (Fig. S1 ). The high particle density in the fractal while maintaining porosity leads to 21 a high effective surface area, a characteristic feature of macroscopic fractal objects such as trees, 22 and sponges. Although we could assign individual density clusters to individual components, the 23 thickness of the ice in this region of the sample lowers resolvability and precludes direct 1 measurement of orientation of the AtzA-pY and AtzC-SH2 components with respect to each other 2 for comparison with Rosetta-calculated landscapes (Fig. 1) . While there is significant 3 heterogeneity in assembly sizes (~60% of the proteins adsorbed on the cryo-ET grid are parts of 4 smaller assemblies) and topologies (Fig. S29) , the observed increase in the effective concentrations 5 concomitant with a high effective surface area with numerous solvent channels (Fig. 4A-F ) 6 indicates that induced fractal-like structure formation is a viable strategy to engineer protein 7 assemblies with favorable sponge-like properties. 8 We next investigated if the observed textured, sponge-like topology, resulting in a high 9 surface area:volume in the fractal assembly, endows it with similar enhanced material capture 10 ("soaking up") properties on the nanoscale as observed for macroscopic sponges. We reasoned 11 that the lacunarity ("gappiness") of the fractal structure and use of an excess AtzA-pY component 12 under fractal-forming stoichiometries (Fig. 2F,G) , would lead to several phosphopeptide sites on 13 AtzA being open and accessible. The observed large pore sizes (Fig.4D-F lower loading capacity (Fig. S24, S26 ). To test the molecular capture properties of assemblies, we captured by fractal and globular assemblies generated using identical amounts of component 22 proteins (Fig. 5) . Indeed, fractal assemblies captured greater amounts of cargo, as evidenced by 23 15 fluorescence (GFP) and enzymatic activity (DhaA) measurements, respectively (Fig. 5C ).
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Fluorescence microscopy of SH2-GFP containing assemblies revealed that, as anticipated from 2 cryo-ET studies, the immobilized cargo protein was distributed throughout the assembly, and 3 localized to the surface, for fractal and globular assemblies, respectively (Fig. 5D-G (Fig. S31-S34 ). While both the fractal and globular assemblies appear to be more robustly 2 active under harsh reactions compared to unassembled enzymes (Fig.S35) , and when immobilized 3 on a Basotect® polymer foam (Fig. S36) , both globular and fractal assemblies are equally active 4 ( Fig. S37) . The significantly small size of atrazine (Rg < 1nm) and other metabolic pathway In conclusion, our results demonstrate an approach by which fusion proteins may be 10 designed to self-assemble into fractal-like morphologies on the 10 nm-10 m length scale. 10   11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35 23 
